Abstract: Beadless coaxial air dielectric transmission lines can be used as fundamental reference devices for S-parameter measurements at RF and microwave frequencies. However, for these lines to be used for such applications, they must first be characterised accurately in terms of their impedance and propagation characteristics. This includes assessment of the small amount of loss in the line and the associated impact of this loss on other characteristics. A simple method is presented whereby the loss is determined experimentally using a vector network analyser (VNA). The determined loss can then be used to characterise the line so that it can be used for a range of highprecision metrology applications. Two such applications are given: determination of the actual frequency-dependent characteristic impedance of a line; and use of the line's phase constant to verify VNA phase measurements.
Introduction
Beadless coaxial air dielectric transmission lines (henceforth referred to here as air lines) can be very useful as references, or standards, for high-precision impedance measurement at RF and microwave frequencies [1] [2] [3] . (Such air lines do not contain dielectric supports that are usually used to hold the centre conductor of the air line coaxially inside the outer conductor. Instead, the centre conductor of the air line is held in place by the test ports of the measuring instrument (or other components) to which it is connected. The absence of support beads, along with the use of high-conductivity materials for the air line's conductors, air as the dielectric and laboratory precision connectors at both ends of the line, means that such lines exhibit near ideal properties, i.e. are virtually reflectionless and are of very low insertion loss.)
In order to use an air line as such a reference device, it is necessary to know the characteristic impedance or propagation constant, or both, of the air line. For example, a value of characteristic impedance is required when the air line is assumed to have a defined value of impedance (e.g. during a vector network analyser (VNA) calibration scheme such as TRL [4] , or during the so-called ripple technique [5] ). A value for the propagation constant (specifically, the phase constant) is needed if the air line is to be used as a phase reference (e.g. for verifying the phase of S-parameter measurements [6] ).
At the levels of accuracy required by today's end users, it is important to consider the departure in the air line's characteristics from ideal values. This usually involves establishing estimates for the input quantities to the models for the air line's characteristics. This is straightforward for dimensional quantities (e.g. the air line's physical length and the diameters of the conductors) but is more difficult for the material properties (i.e. the conductivity or, equivalently, resistivity) of the conductors of the air line. This paper presents a method whereby the resistivity of the air line's conductors can be determined sufficiently accurately using a straightforward technique involving transmission measurements made using a VNA. This determination can then be combined with the determination of the other input quantities for the air line's models to characterise these lines at RF and microwave frequencies.
Air line models
A coaxial line can be characterised by a distributed circuit model involving series resistance R, series inductance L, shunt conductance G and shunt capacitance C, all per unit length of line. R, L, G and C can be used to obtain expressions for the two fundamental line parameters: the characteristic impedance Z and the propagation constant g, defined as follows:
where o is the angular frequency, a is the attenuation constant, b is the phase constant and j ¼ O À 1.
Lossless lines
For a lossless air line, R and G are both zero. The lossless series inductance L 0 and shunt capacitance C 0 are given by where m is the permeability of the line's dielectric, e is the permittivity of the line's dielectric, and a and b are the radii of the line's centre and outer conductors, respectively. (The air inside an air line is assumed to be 'standard' air at a temperature of 231C, 50% relative humidity, and 1013.25 hPa atmospheric pressure, and this has been shown [7] to have a relative permittivity of 1.000649.) If we use (1), (3) and (4), the characteristic impedance Z 0 , of the lossless line is therefore
Equation (5) shows that a lossless line's characteristic impedance is determined only by a and b. Very accurate values for a and b for a given line can be determined relatively easily (e.g. using air-gauging techniques [8] ). If we use (2)-(4), the propagation constant g 0 , of the lossless line is
where l is the wavelength of the propagating wave. Equation (6) shows that a lossless line's propagation constant is determined only by l.
Lines with small losses
In practice, air lines are not lossless: they exhibit a small amount of loss owing to the finite conductivity (or non-zero resistivity) of the metals used to fabricate the air line's conductors. An important part of a detailed characterisation of a line is to determine the effects due to line loss. This problem was first addressed in [9] , where expressions were given for R and L of a line with loss. Further, more detailed, work has since been presented in [10] , giving the following expressions for all four line elements:
and
where
2 log e ðb=aÞ À ðb=aÞ log e ðb=aÞ ðb=aÞ þ 1
and k is the angular wavenumber (rad m (12) is called the skin depth and is given by
where r is the resistivity of the line's conductors (O m).
Equations (7)- (13) are used to calculate both Z and g for a lossy line (i.e. a line with conductors that have non-zero resistivity). It is clear that both Z and g will be dependent on r and be functions of frequency.
Therefore, to calculate values of Z and g for a slightly lossy air line, the resistivity of the conductors used to fabricate the line needs to be known. The scientific literature (e.g. [11, 12] ) suggests that values of r obtained from reference books (such as [13] ) are inappropriate, as these refer to bulk samples of material whereas an air line's conductors have often been formed using composite materials that have been electroplated and machined. These processes significantly affect the properties of these materials. It has also been shown in [14] that resistivity presents a first-order correction to both Z and g, and, hence, an accurate determination is required for these lines to be used effectively as reference devices or standards. Similarly, a more recent study of the electrical properties of air lines [15] also concluded that the resistivity (or conductivity) is the most sensitive parameter when Z and g are being determined for practical examples of precision air lines.
Experimental method
The attenuation constant a is related to a transmission coefficient (say S 21 ) of a length l, of perfectly matched line (i.e.
In practice, a line will never be perfectly matched. However, beadless air lines manufactured to very high mechanical tolerances provide a very close approximation to this condition. From experience, it has been found that (14) can be used satisfactorily for air lines having 7S 11 7 and 7S 22 7 less than 0.01 at all frequencies. It has been shown [16] that, to a first-order approximation at high frequencies, the resistivity r of a line is related to a as follows:
where f is the frequency (Hz). From (14) and (15), it is clear that, at any given frequency, r can be determined from a measurement of S 21 (made, for example, using a VNA). Once r has been determined, it is then straightforward to determine values of Z and g for the air line using (7)- (13) . In general, it is also necessary to consider any frequency dependence in the determined value of r. However, for the air lines considered in this paper, any such frequency dependence has been considered small enough to be neglected (see Section 4.1).
Results
To test the above method of determining r, S-parameter measurements were taken, using a VNA, of a series of air lines in a range of different precision connector line sizes [17] : 14 mm, 7 mm (including type-N), 3.5 mm and 1.85 mm. As an example, Figs. 1 and 2 show the measured 7S 11 7 and 7S 21 7 of an air line of the 7 mm line size with a nominal length of 100 mm. From Fig. 1 , it is clear that the reflection caused by the air line is indeed very small (i.e. 7S 11 7 o 0.01 at all frequencies) and, hence, demonstrates that the line is sufficiently well matched for the transmission measurements (i.e. the 7S 21 7 data shown in Fig. 2 ) to be used to determine the air line's resistivity.
The reported values of resistivity are the arithmetic means of the calculated resistivity determined at multiple frequencies. As stated in the preceding Section, this is justified by the assumption that any frequency dependence in the determined values of r is negligible. Because of this, the experimental standard deviation can also be used as an indication of the reliability of a determined value of resistivity for a given air line (see Section 4.2).
Two air lines of the 14 mm line size of nominal lengths of 150 mm and 300 mm were measured. Earlier determinations of resistivity for these same lines have been reported in [16] , and these can be summarised by (16o r o 63) nO m.
( Published values (see, for example, [13] ) are typically 16 nO m for the resistivity of pure silver, and approximately 63 nO m for one form of brass. The conductors in these 14 mm air lines were constructed from a composite of these materials (i.e. brass, with a plating of silver), and so it is reasonable to assume that the effective resistivity will lie somewhere between these values.) Table 1 shows the results obtained using the method described here. These results show good agreement with the earlier determinations of resistivity [16] , and so this provides some degree of validation for the technique presented in this paper.
Air lines from commercially available VNA verification kits of the 7 mm, type N and 3.5 mm line sizes were also measured, and the results obtained are given in Table 2 . Figures 3-5 show the resistivity determinations for these lines plotted as a function of frequency. The significant differences between the resistivity values reported in Tables 1 and 2 are thought to be due to differences in the manufacturing process, including the use of different materials for the conductors. According to the manufacturers, the air lines in Table 1 were made from silver-plated brass, whereas the air lines in Table 2 are made of beryllium copper. All these lines include a thin, external layer of gold to prevent the surface of the conductors from tarnishing. 
Frequency dependence
To assess any likely frequency dependence in the determined resistivity, an air line of the 1.85 mm connector size (of nominal length 50 mm) was measured. This line size was chosen as it has a recommended upper operating frequency of 65 GHz; therefore any frequency dependence is more likely to be detected using this relatively broad frequency range. The results obtained for this air line are shown in Fig. 6 . This figure also shows a linear least squares straight line fit to these data. This straight line is almost flat and so indicates that any frequency dependence in the determined resistivity for the air line can be neglected (when compared with the overall scatter in the data across the frequency range). (This further suggests that it is acceptable to neglect any frequency dependence in the data for the other air lines reported in this paper. A possible exception to this might be the resistivity determination for the 3.5 mm air line shown in Fig. 5 , where the values appear to rise slightly as a function of frequency.)
Air line length considerations
As no significant frequency dependence was detected in the determinations of resistivity, it is reasonable to establish a ( frequency-independent) value of resistivity for an air line using the mean of all results at all frequencies. Similarly, the experimental standard deviation provides an indication of the reliability of the resistivity value, e.g. a high standard deviation suggests that the determined value of resistivity is unreliable.
One of the factors that may determine the reliability of a resistivity measurement of an air line is the length of the line being measured. To investigate this, a series of different lengths of line of the various line sizes were measured. To illustrate this, results are given in Table 3 for two additional lines: one with nominal length of 7 mm and the other with nominal length of 300 mm, both of the 7 mm line size.
From Table 3 , it is clear that the nominal 7 mm length of air line has a much higher measured resistivity than the longer lengths of lines presented (in both Tables 2 and 3 ).
These measurements also have a very high standard deviation compared with the other air lines, indicating that this determination is very unreliable. The mean resistivity value for the 300 mm line, on the other hand, shows reasonable agreement with the lines in Table 2 and has a low standard deviation, indicating that this determination is as reliable as the resistivity determinations for the other lines.
From data gathered for other lengths of air line during these experiments, it is apparent that, as a rule of thumb, the technique described in this paper provides reliable determinations of resistivity for air lines that are longer than 50 mm. The method is unreliable for shorter lengths of line, probably because the observed loss that is used to determine the resistivity is much less for short lengths of line.
Characteristic impedance determination
The determinations of resistivity presented in Section 4 can be used to establish the (complex-valued) characteristic impedance of each air line across the frequency band. To illustrate this, Fig. 7 shows the magnitude of the complex characteristic impedance for the air line in the 3.5 mm line size. Figure 7 clearly shows that the characteristic impedance of the air line departs significantly from the nominal lossless value (which, for the line in Fig. 7 , is 50 O). This is particularly the case as the frequency is decreased. This deviation in characteristic impedance causes a problem for S-parameter measurements made using VNAs calibrated using air lines as standards, as S-parameters are usually specified with respect to the nominal lossless value of characteristic impedance. Measurements made on instruments calibrated with air lines of different material (exhibiting different values of resistivity) will vary systematically as the S-parameters will be measured with respect to different characteristic impedances. This problem is overcome by transforming from the actual air line characteristic impedance to the defined lossless value. Details of this transformation have been published elsewhere (see, for example, [18] [19] [20] ).
Phase constant determination
As well as standards for characteristic impedance, air lines have the potential to be used as reference devices for VNA phase measurements (of S-parameters). In particular, a VNA phase measurement can be verified, at a given (i) Determine the 'electrical' length, l, of the air line using [6] 
where y is the phase (in radians) measured by the VNA and n is an integer (n ¼ 0, 1, 2, y) used to take account of the number of complete wavelengths that the length of air line 'contains' at a given frequency. The choice of n is determined from approximate prior knowledge about the length of the air line (e.g. to an accuracy of a few tens of millimetres).
(ii) Compare the determined electrical length of the air line (from (16)) with its physical length (obtained from a precision mechanical measurement).
(iii) If the two length determinations ('electrical' and 'mechanical') agree to within the expected uncertainty, then the VNA phase measurement is verified as being of an acceptable accuracy (again, to within the expected uncertainty of measurement).
However, the above procedure requires that the phase constant of the air line is known. This can either be assumed to be the value for a lossless line (obtained from (6)) or for an air line with loss (obtained from (2)). To illustrate this, Fig. 8 shows the difference in length between mechanical and electrical determinations of the air line of 3.5 mm line size described in Section 4. The air line has been treated as both lossless and lossy (using the value of resistivity for the air line determined in Section 4). It is clear from Fig. 8 that, if the line is assumed to be lossless, the electrical length is longer than the mechanical length of the air line at all frequencies. The electrical length also varies as a function of frequency (owing to the dispersion in the air line not being taken into account). However, when the loss is taken into account, the electrical length of the air line shows better agreement with the 'known' mechanical length. Figure 8 therefore demonstrates that it is necessary to know the resistivity of an air line before it can be used as a reference artefact for verifying VNA phase measurements.
Conclusions
This paper has presented a detailed review of the use of beadless coaxial air dielectric transmission lines as reference artefacts for impedance and S-parameter measurements at RF and microwave frequencies. This review has shown the importance of determination of the loss in the air line (i.e. due to the resistivity of the air line's conductors) to characterise the air line as a reference artefact for highprecision metrology applications.
An easy-to-implement experimental method has been presented for the determination of the resistivity of the air line involving VNA measurements of the S-parameters of the air line. This method has been used to obtain values of resistivity for air lines found in commercially available VNA verification kits. This suggests that other users of such verification kits could also apply the method successfully. However, it has also been shown that the method does not work well for short lengths of air line (typically for air lines of less than 50 mm in length).
The results presented in the tables and the figures have shown that values of resistivity vary considerably from one air line to the next. This indicates that it is generally advisable to evaluate the resistivity of each individual air line requiring detailed characterisation. In addition, for the air lines considered in this paper, there was no strong frequency dependence in the determined values of resistivity, although it is recommended that this also should be assessed on a case-by-case basis.
It has been shown that the calculated resistivity can be used to determine the characteristic impedance and propagation constant for an air line. The determined characteristic impedance enables the air line to be used subsequently for high-precision VNA calibration involving impedance renormalisation. This has been implemented to improve the performance of the UK's primary national standard facilities for impedance measurement at RF and microwave frequencies [21] . The determined propagation constant (specifically, the phase constant) has been used to provide accurate determinations of the length of an air line based on VNA phase measurements. This provides a method for verifying VNA phase measurements (using mechanical measurements with traceability to national standards of length and, hence, the SI base unit, the metre). This could therefore be used to enhance current techniques for verifying the performance of VNAs [5] .
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